Introduction
Spark discharges AES and X-ray fluorescence spectrometry are commonly applied in quantitative analyses of metals as routine analytical techniques in industrial metal manufacturing. These methods provide results quickly because solid samples are analyzed directly. However, when analytical requirements are at the trace concentration level, more sensitive analytical techniques, such as ICP-MS or electrothermal vaporization AAS, are used.
Because these sensitive methods must necessarily use solution samples, much time and work are required to dissolve solid samples. Therefore, a more rapid analytical method is required in industrial metal manufacturing.
The laser ablation (LA) technique combined with ICP-MS (LA-ICP-MS) has proven to be an effective analytical method for trace level concentrations without dissolution. After Gray's work, 1 many articles on LA-ICP-MS were published. Pearce et al. 2 developed a quantitative-analysis technique for carbonates by adding reference elements to a carbonate powder base. Lelope et al. 3 realized improved precision in the characterization of impurities in uranium by improving the repeatability of the laser beam intensity. Focusing on the diameter of the ablated particles, Guillong et al. 4 recently investigated the correlation between the inhomogeneity of the chemical composition and the size of generated particles. Hirata et al. 5 made various improvements in each process. In particular, they improved the precision and the sensitivity of trace-level analysis by making various refinements in each process of LA-ICP-MS, refined the method of laser irradiation, and developed a chamber for the removal of larger size particles. For the application of LA-ICP-MS to steel samples, Hayashi et al. 6 found that decompression He-ICP-MS has an advantage over the normal ICP-MS in the simultaneous analysis of multiple elements under room atmosphere conditions. A number of reports have also been published recently on the effectiveness of LA using shortwavelength laser system. [7] [8] [9] [10] However, there are virtually no examples of the application of LA systems to trace-level analysis at the level of mg/g (ppm) or below in steel samples.
There are two main problems in applying LA-ICP-MS to quantitative analysis. The first is elemental fractionation of ablated particles (non-stoichiometric generation of vapor species). 11 Under constant heating conditions, elemental fractionation occurs because various elements have different The laser ablation (LA) method is an effective technique for quantitative analysis. In the present work, a new LA system was developed for the high-sensitivity analysis of metal materials using inductively coupled plasma mass spectrometry (ICP-MS). This system consists of a high-frequency Q-switched laser and 2 scanning mirrors for scanning the ablation spot in an adequately large area of the specimen without vacant spaces. The influence of elemental fractionation (nonstoichiometric generation of vapor species) can be eliminated by repetitive irradiation of this pattern on the same area. Particles generated with an average laser power of 0.6 W with the developed LA system gave intensity and stability substantially similar to that of a 500 mg/ml solution steel sample in solution ICP-MS. The analytical performance of the developed LA-ICP-MS was compared with that of a solution ICP-MS using NIST steel SRMs. The performance of the newly-developed system is comparable to that of conventional solution ICP-MS in both accuracy and precision. The correlation coefficients between the contents and the intensity ratios to Fe were over 0.99 for most elements. The relative standard deviation (RSD) obtained by LA-ICP-MS revealed that this system can analyze iron samples with good precision. The results of ultra trace level analysis of high-purity iron showed that developed LA-ICP-MS is capable of analyzing ppm concentration levels with a 20 -30 ppb level standard deviation. The detection limit was on the order of 10 ppb for most elements.
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ANALYTICAL SCIENCES MAY 2008, VOL. 24 melting points and boiling points. For this reason, it is difficult to achieve an equal ablation rate with different elements under constant heating conditions. The second problem is the quantity of generated ablated particles. The amount of particles in a conventional LA system is small, variable, and intermittent, making it difficult to achieve a precision comparable to that of solution techniques.
On the other hand, in solution ICP-MS, numerous species of molecular ions and contaminating ions originating from the solvent or resolution acid frequently disturb the quantitative analysis, reducing the reliability of the analysis. Thus, if the content of particles generated by LA is the same as that of the base material sample, and the quantity and stability of vaporized particles are the same as those of nebulized solution samples, the analytical results of LA-ICP-MS will be more reliable than those obtained by solution ICP-MS.
In this work, a new LA technique was developed that eliminates elemental fractionation, and is capable of supplying an appropriate amount of particles steadily to the plasma.
Experimental
Apparatus Laser ablation system. An outline of the system is shown in Fig. 1. An Nd:YVO4 laser of the Q-switched type that is capable of oscillating with a maximum average output of 10 W at a pulse frequency of 50 kHz (wavelength, 1064 nm; T40-Z20-106Q; Spectra-Physics, Inc.) was used as the system laser. The output of the laser was controlled by the electric current applied to the laser diode within the laser and the power measured by a power meter (TPM300CE; Gentec Electro-Optics, Inc.). The optical system for beam irradiation, comprising a beam expander, two galvanometer scanners (M2S; GSI Group), and a condenser lens, was adjusted so that the spot diameter of the laser was 50 mm or less. The ablation cell is of coaxial double-tube construction. A quartz window for transmission is provided on the incoming side of the laser and an opening is provided on the opposite side. Ar gas for transferring vaporized fine particles is introduced from the window side of the inner tube and discharged from an opening in the outer tube. A sample is set in the opening using an O-ring. Therefore, the sample must have a flat surface. The sample setting procedure in this system is similar to that in a spark emission spectrometer.
ICP-MS.
A VG PQ ExCell (Thermo Electron K.K.) was used. NIST SRM 1765 (low-alloy steel; Co = 0.006%, reference value; NIST, National Institute of Standards and Technology; SRM, Standard Reference Materials) was used for the analysis of LA samples. The sensitivity was adjusted using 59 Co.
Experimental method
Measurements by LA-ICP-MS. The sample surfaces were polished using a zirconium-based abrasive belt (Z76X; grain size, 60; Riken Corundum Co., Ltd.). The laser pre-irradiation time was set at 120 s, the total integration time per element was set at 3 s, and the cleaning time after the end of analysis was set at 30 s. The analytical performance of the LA-ICP-MS was investigated using steel standard reference materials NIST SRM 1765, 1766, and 1767. The analytic conditions are given in Table 1 . Preparation of solution samples. NIST SRM 2165, 66, 67 were dissolved with nitric acid (7 M) and prepared as 500 mg/ml solution samples. The NIST 1765 series (used for LA-ICP-MS examination) and 2165 series were made from the same lots, respectively. A comparison of the analytical data obtained by LA-ICP-MS and solution ICP-MS was expected to clarify any similarities and differences between the two methods. The precision of the solution ICP-MS was measured with the same solution sample repetitively using an auto-sampler. Investigation of ablated particles. NIST copper-base alloys SRM 1107, 1110, and 1276a (NIST, Gaithersburg, MD), and JSS stainless-steel CRM 651-8, 652-8 (Japan Iron and Steel Federation, Tokyo, Japan) were employed to investigate the LA performance. Samples were ablated for 7200 s (1800 s ¥ 4 different position) after pre-ablation for 120 s. Ablated particles were transported and filtered with cut and flattened thimble filters (R88, ADVANTEC, Japan) through PTFE tubes (4 mmf, i.d. ¥ 2 m length) with a 1.0 l/min Ar flow. Particles on the filter were dissolved with nitric acid (1 + 1) and adjusted to 100 ml after filtration and the addition of Y (as an internal standard element). The concentrations of each element in the solution samples were determined by ICP-AES. To confirm the reproducibility, including the particle-capture procedure, the analysis was repeated four times per sample. Ar gas after the filtering process was introduced into the ICP-MS, and its chemical composition was analyzed. No signals from any elements were detected, confirming that there was no leakage of the particles.
Experimental theory concerning the cause of fractionation in LA and equalization of the chemical composition
When the output of a laser that irradiates beams on a sample is not large enough to cause breakdown, the energy of the laser is converted into thermal energy.
Because the thermal characteristics differ from element to element, the composition of a vaporized substance is not the same as that of the original sample. This non-uniformity is an unavoidable phenomenon. However, if thermal irradiation is repeated on the same area of a sample, this non-uniformity will gradually be eliminated.
For the sake of simplicity, the following assumptions are made: 1) The heated area is large enough that the effect of the side area can be neglected (the side area is the area formed around a crater due to the pressure of vapor generated during laser irradiation, in which a melted part is deposited), and 2) during laser irradiation, irradiation with thermal energy is spatially and temporally uniform. A sample initially consists of an element, Xs and a matrix element, m.
Cs (0) is the initial concentration of X in a solid, where
Here, V0 is the quantity of the thermally affected zone in the solid (= a vaporized part, Vv + a melted part, Vm), and X0 is the quantity of the component to be analyzed, S in V0. The vaporized part and the melted part are generated by the first irradiation. That is, X0 is divided into Xv and Xm. X0 is the quantity of the component to be analyzed, S in the vaporized part, Vv and Xm is the quantity of S in the melted part, Vm. The value of Xv/Vv differs from Cs(0) because fractionation occurs. Therefore, the fractionation coefficient, f defines the degree of non-uniformity,
The difference between the vaporized quantity and the original quantity remains in the melted part.
Because the applied thermal energy is constant, the same quantity as in the first radiation is also thermally affected in the second laser irradiation. That is, in addition to the quantity of the melted part, Vm that remained after the first laser irradiation, a quantity corresponding to the vaporized quantity, Vv in the base material, which was not previously thermally affected, is newly thermally affected. When the inductive method is adopted, the quantity of the element S that is affected by the (n + 1)th laser irradiation, X0(n + 1), is given as follows:
) n approaches 0 as n increases, Xv(n + 1) can be approximated as X0Vv/V0. It follows that the fractionation coefficient, f, gradually converges on 1 as thermal irradiation is repeated. However, the above equations hold only when a region in which a melted part remains after laser irradiation, and a base material that has not been thermally affected coexist, is subjected to the next laser irradiation. On the other hand, when laser irradiation is repeated on a sample surface in a dotted manner or linearly, almost all of the melted part deposits around craters due to the vapor pressure generated by vaporization. At this time, regions where a melted part and the base material coexist rarely occur; consequently, the above equations do not hold. In contrast to this, when a laser is used to perform twodimensional laser scanning in a planar manner with no vacant regions, the entire in-plane area forms a region in which a melted part and a base material coexist. A melted part is also present around the planar crater. However, by scanning a region that is sufficiently large relative to the spot diameter of the laser, the effect of any side area where melted deposits exist can be substantially neglected; in this case, the above equations hold.
On the other hand, in order to ensure that all substances are vaporized, it is necessary that the heated spot reaches a sufficiently high temperature of 6000 K or more. If the temperature is low, the surface that is subjected to repeated laser irradiation will gradually be covered with components that are not vaporized, eventually reaching a state in which ablation is impossible.
Based on the foregoing, the authors thought that it would be possible to eliminate fractionation in LA by repeatedly irradiating a sufficiently large region with a pulse laser having an appropriate output, and with no vacant spaces. As a result of a thermal conductivity simulation, the appropriate laser output for steel materials was estimated at several megawatts/mm 2 when the pulse width is 10 ns. If laser irradiation of an area of 1 mm 2 or more is performed when the focused area of the laser on the sample surface is 50 mmf, the region that overflows to the side area will be no more than 5% of the region that is vaporized. This region can be considered to be sufficiently large.
Results and Discussion
Composition and amount of ablated particles Table 2 gives the chemical compositions of ablated particles analyzed by the method described in the Investigation of ablated particles section. To confirm that ablated particles were not affected by fractionation, the ratios to the matrix element (Cu in Cu alloy, Fe in stainless-steel) were calculated instead of the concentrations in particles, because it was impossible to accurately measure the amounts of the ablated particles. The ratios to the matrix element are given in Table 2 , together with the certified ratios. To verify the accuracy of the results obtained by LA-ICP-MS, both the analytical value measured by conventional solution ICP-MS using chips sampled from the steel standard reference materials and the calculated value obtained from the certified value are given in Table 2 . The ratios of each element to the matrix element measured by the newly developed system showed good agreement with both the calculated values and the analytical results from solution ICP-MS. Regarding the difference in the boiling points of the elements, for example, in the case of the Cu-based alloy, although there is a 1700 K difference between the boiling points of Cu and Zn, the analytical results of the chemical composition were in good agreement with the results of a calculation from the certified values. Similarly, in the case of stainless-steel, the largest difference was the 1900 K difference between the boiling points of Fe and Mo. There was a relatively large (6%) difference between the analyzed chemical composition of the particles and the results calculated from the certified values. However, the LA-ICP-MS results agreed with the analytical value measured by conventional solution ICP-MS using chips sampled from the steel standard reference materials within the tolerance of the analytical error. Therefore, it cannot be argued that these results are an indication of fractionation. The analytical precision obtained from four independent operations, including the particle generation and filtering processes, was extremely good. It can therefore be concluded that the newly developed LA system generates particles without fractionation.
On the other hand, Table 2 shows the amounts of generated particles. The rates of generated particles can be calculated at approximately 0.2 -0.3 mg/s. In solution samples, it is normal to adjust the solute concentration to 0.05% (= 500 mg/ml) or below. When the nebulizing rate is 1 ml/min and the transportation efficiency of nebulized particles to the plasma is 3%, the delivery rate of the solute to the plasma with a 500 mg/ml solution sample is estimated to be 0.25 mg/s. Based on this, it is thought that particles generated by the LA method are transported to the plasma with equal or higher efficiency. Thus, the inadequacy of the supply of generated particles is not a problem with the newly developed method. Owing to the use of galvanometer scanners and a control system with a very high positional control capability, and optimization of the conditions, such as the scanning speed, the dispersion of the ion intensity in LA-ICP-MS was reduced to 2.4% as a relative standard deviation (RSD), achieving stability substantially similar to that of the solution analysis method.
Application of LA-ICP-MS to steel analysis
With regard to individual elements, a sample with a relatively high concentration of Cr (= 510 ppm) had a 52 Cr ion intensity of about 1.0 ¥ 10 7 cps and an RSD of 4.2%. As an example of a low-concentration sample, the 208 Pb ion intensity was about 1.7 ¥ 10 4 cps and RSD was 3.9% with a low Pb concentration (= 3 ppm) sample. Regarding the ion intensity ratio to 57 Fe, RSD was improved to 0.8% ( 52 Cr) and to 1.2% ( 208 Pb). Fundamental characteristics of analysis by the LA method. To investigate the correlation between the contents and the ion intensities or the intensity ratio to 57 Fe, NIST 1765, 1766, and 1767 were used with LA-ICP-MS and 2165, 2166, 2167 were used with solution ICP-MS. The results of this investigation are shown in Fig. 3 , and the coefficients of the correlations between the concentration and the ion intensity ratio are given in Table 3 , respectively. In the LA method, the ion intensity of Ar gas was used as a blank value, and the intensity ratio was found after subtracting the ion intensity of the Ar gas for each sample from the ion intensities of the elements to be analyzed and that of 57 Fe.
A good linear relationship, basically passing through the origin, was obtained between the contents and the intensity ratios to 57 Fe by the LA-ICP-MS analysis of boron (B). On the other hand, the relationship between the contents and intensity ratios to 57 Fe was partially reversed in a solution ICP-MS analysis. This is attributed to contamination of the solution samples in the sample-preparation process. In particular, the LA method was superior with some elements that are important due to concern about pollution from dissolutive acid or the environment. Because the intensity ratios to 57 Fe did not show a good correlation with the contents in the case of silicon, it was difficult to analyze the trace level of Si in steel samples by solution ICP-MS.
When phosphorus (P) was of concern, the analyzed value for the NIST 1766 sample (P, 20 ppm) by the LA method seemed to deviate from the linear relationship passing through the origin, which was observed between the contents and the intensity ratios to 57 Fe. Although the NIST 1766 series and the NIST 2166 series were made from the same material, the certified values of P differed vastly. The analyzed result for the NIST 1766 sample was more like the certified value of NIST 2166 (P, 12 ppm). Because the acid solution as a blank value of P by solution ICP-MS showed a higher ion intensity than the dissolved solution of the steel sample, the ion intensity ratio was used as the y-axis without subtracting the ion intensity of the acid solution from the ion intensity of the samples. Although the relationship between the contents and intensity ratios to 57 Fe was good, the high background intensity attributed to In the case of metallic elements, such as chromium (Cr) and nickel (Ni), good relationships between the contents and the intensity ratios to 57 Fe were obtained by both methods. Accordingly, these results show that LA-ICP-MS is capable of analyzing trace amounts of metallic elements with high sensitivity. In addition, excellent results were obtained for aluminum (Al) and titanium (Ti), which have strong tendencies to form poorly acid-soluble compounds, and for niobium (Nb), with which solution samples are prone to hydrolization. LA-ICP-MS analysis is considered to be valuable because solid samples are readily ablated and the generated particles are easily introduced into the analysis equipment.
Likewise, with other elements, the results obtained by the LA method were generally equal or superior to those obtained by solution ICP-MS in terms of the correlation with contents, analytical precision in repeatedly measurements, and S/B (signal/background) ratio.
Thus, the superior analytical characteristics of LA-ICP-MS were confirmed. Because analytical needs with respect to harmful components, such as As, Sb, and Pb in steel materials, are likely to increase in the future, the LA method is expected to have wide appeal, particularly from the viewpoint of its short analysis time. Evaluation of quantitative capability and analytical precision. NIST1765, 1766, and 1767 were also used to evaluate the quantitative capabilities of LA-ICP-MS. The results are given in Table 4 . For standardization, quantitative values were calculated from the samples with the highest contents of each element among the samples, and the quantities of the other samples were determined from the calibration curves. Although favorable results were obtained for many elements, the results for Si were relatively poor. 29 Si was used as the analytical mass number in order to minimize the influence of N2. However, in addition to the influence of 14 N 15 N, 14 N 14 N 1 H, Si contamination attributable to the quartz torch raised the background level. As a result, the BEC (background equivalent concentration) was 40 ppm, which is an inadequate S/B ratio for microanalysis.
With metal elements, the analytical results are in excellent agreement with the certified values over a wide region from a few ppm to several hundred ppm. With almost all elements, repeatability in terms of RSD is approximately 1% in the concentration range over 100 ppm, and is on the order of a few % at low, single ppm concentration levels. This means that the newly developed LA-ICP-MS has good precision and accuracy in steel analysis. An RSD on the order of 3% is maintained down to infinitesimal concentrations (5 ppm and under) with boron, arsenic, antimony, lead, etc. This is important, because there is a strong need for analysis of these elements at trace concentration levels. High expectations are placed on the newly developed LA method as a rapid, high-precision analytical technique for these elements.
Application to infinitesimal analysis of steel. The results of an analysis of trace components in certified reference materials of low-alloy steel, JSS 1000-1 by LA-ICP-MS, are given in Table 5 . High-purity electrolytic iron MAIRON-UHP (Toho Zinc Co., Ltd.) was also analyzed. The calibration curve was obtained using the NIST SRM samples listed in Table 4 . The analyzed results for phosphorus, copper, and cobalt showed good agreement with the certified values within the allowable tolerances, demonstrating that the newly developed system is an accurate analytical technique for the infinitesimal concentration region. The analysis results also showed good agreement with reference values and good repeatability of the analytical accuracy with other elements, demonstrating that the new LA-ICP-MS is applicable to the infinitesimal analysis of steel. It should be noted that the accuracy of the results obtained with Mairon UHP cannot be evaluated, because neither certified values nor published values are available for this product. However, it was possible to confirm that the newly-developed system can analyze the trace components of elements with concentration of 0.1 ppm or less with high precision, since a standard deviation of s = 0.001 ppm was obtained with vanadium at a 0.01 ppm concentration, and s = 0.0004 ppm was obtained with antimony at a 0.002 ppm concentration. 
